New product development has been serving as a growth engine for companies; given this background, the innovation of suppliers that possess new technologies for new products has been a significant subject for manufacturers, particularly in high-tech industries. However, the technology uncertainty associated with the supplier's development capability may become a considerable obstacle to new product development projects. In this paper, we further develop an analytical model that has been widely applied in the economics literature and examine two representative supply chain contracts, a revenue-sharing contract and a cost-sharing contract, for new product development through upstream innovation under technology uncertainty. We confirm that the supplier's development capability has a significant impact on contract feasibility. The revenue-sharing contract helps to attain a higher new product quality level and profit for the supply chain. Furthermore, we explore the relationship between a manufacturer and a supplier concerning the performance of the new product development project. Adopting a Nash bargaining model, we analyze the two supply chain contracts under a cooperative relationship in which the manufacturer and supplier cooperatively determine the sharing portion of the revenue or cost. For both contracts, compared with the unilateral relationship, the cooperative relationship leads to a lower manufacturer profit, but a higher new product quality and a higher supply chain profit.
Introduction
Given that consumers' desires and tastes continue to change, new product development is serving as a growth engine for companies and is an essential strategy for sustainable growth. Particularly, for companies in high-tech industries, where technology is rapidly evolving, it is imperative to gain a competitive advantage by developing new products. These new products can be classified into several categories, from those obtained through the improvement and modification of existing products to technically new-to-the-world products [1] . In this paper, we focus on completely new products, both technically and physically.
Traditionally, the performance of a newly developed products is considered to depend on the internal capabilities of the producing company. Recently, many companies have been developing new products in cooperation with suppliers that possess core components or new technologies for those products. For example, Apple receives Gorilla Glass, a type of scratch-resistant glass, from Corning to produce digital devices and sell them to consumers. This suggests that innovation from suppliers, such as Corning, is vital in the supply chain of manufacturers, such as Apple, to develop new products.
Thus, it is important for manufacturers to encourage suppliers to invest in new technologies for new products. Using the same example, Apple invested USD 200 million in 2017 to support Corning's latest glass processing facility, which allowed Corning to focus on developing bendable glass, leading to Apple's expectation to launch its first foldable smartphone in 2020 [2] . Tesla Motors, the world's largest manufacturer of electric vehicles (EV), procures lithium-ion battery cells, which are a core component of EV, from its sole supplier, Panasonic. In 2014, in preparation for Model 3, an affordable compact sedan, Tesla began the construction of Gigafactory 1 near Nevada, estimated to cost $5 billion, following Panasonic's agreement to lead the mass production of battery cells at the factory. Recently, as Tesla and Panasonic's relationship has been deteriorating, Tesla is attempting to establish a new relationship with CATL as a battery supplier in China and encourage innovations in battery technology [3, 4] .
Given the significance of suppliers' innovation, how can a manufacturer encourage or motivate suppliers to invest in creating new technologies? How can a manufacturer obtain more profits from suppliers' innovation activities? One method is that the manufacturer may consider several supply chain contracts that benefit the suppliers. Therefore, in this study, we address the impact of a revenue-sharing and a cost-sharing contract between manufacturers and suppliers for the development of new products. In addition to contracts, technology uncertainty is considered another important factor. Developing new products plays a decisive role in creating new growth engines for companies; however, at the same time, there are several risk factors involved, such as financial or operational risks [5] . When developing a completely new product, these risks may arise from technology uncertainty, particularly, development time uncertainty. The completion of the new product development project may be delayed due to unexpected events or a lack of capability of the supplier. Moreover, the value of a new product development may decline due to the earlier entry of competitors into the market. Therefore, this study evaluates the decision-making for a new product development under development time uncertainty.
In this paper, we further develop an analytical model that has been widely applied in the economics literature and analyze two types of contracts between a manufacturer and a supplier within a supply chain under the condition of technology uncertainty associated with the supplier's development capability. Specifically, in a situation in which the manufacturer sets the price of the new product and the supplier determines the wholesale price and the quality level of the product, the type of contract and the relationship between two firms also affect the overall supply chain performance. Thus, our analysis proceeds as follows. First, an analysis is performed by comparing the revenueand the cost-sharing contracts in the situation where the manufacturer unilaterally offers the contract terms, that is, the portion of revenue or cost that the manufacturer will share with the supplier. Second, we examine the two contracts under a cooperative relationship through a Nash bargaining game, in which the manufacturer and the supplier jointly determine the contract terms. Finally, we analyze how the decision-making for each contract changes under unilateral and cooperative relationships, respectively, in terms of which contract generates higher supply chain performance.
The results provide practical implications for manufacturers seeking for a new growth base through new product development. By understanding the impacts of the uncertainty stemming from the suppliers' development capabilities and the relationship with them, we expect manufacturers to be able to implement supply chain contracts more effectively and achieve successful new product development.
The remainder of this paper is organized as follows. The literature related to this study is reviewed in Section 2. In Section 3, we analyze each contract-specific decision under a unilateral relationship under the underlying assumptions of the model. In Section 4, we analyze each contract-specific decision given a cooperative relationship and compare supply chain performances. Finally, Section 5 summarizes the main results and discusses managerial implications, limitations, and future research directions.
Literature Review
This study focuses on two research areas: new product development and supply chain contracts. First, new product development has long been an important research topic in operations management. Whereas most studies have focused on product development and innovation within a single firm [6] , there is also a literature stream on the interactions between product development and supply chains [7] [8] [9] . For instance, Novak and Eppinger [10] studied the complexities of product development and the vertical integration of supply chains. Pero et al. [11] developed a framework for the alignment of new product development and supply chains using multiple case studies. Lin et al. [12] presented an empirical model which addressed the drivers of innovation in channel integration in supply chain management. Gilbert and Cvsa [13] examined the strategic mechanism of promoting downstream innovation in the supply chain, while Wang and Shin [14] focused on upstream innovation. This study considers innovation and new product development by upstream suppliers, such as in Wang and Shin [14] .
While most studies on innovation or new product development within a supply chain focus on strategic decision making, such as price and quality, they ignore the effect of uncertainty in developing new products [15] . As Ragatz et al. [16] explained, companies are trying to integrate their suppliers earlier into the new product development process. This involvement may range from the simple consultation with the supplier on idea generation to making them fully responsible for the design of components or systems. Ragatz et al. [16] developed a model for investigating the effect of some elements of the supplier integration process on cost, quality, and new product development time, under conditions of technology uncertainty. Also, Loch and Terwiesch [17] addressed upstream and downstream operations in the presence of technical uncertainty. Baskaran and Krishnan [18] separated technical uncertainty into transnational and timing uncertainty, and analyzed the effect of both on decision making for new product development. Based on the literature, this paper studies decision making for new product development given development time uncertainty.
In terms of the supply chain contracting, Cachon [19] comprehensively reviewed various supply-chain contracts, identifying their advantages and drawbacks. More precisely, many studies tackle a revenue-sharing contract, which is widely used in reality. Cachon and Lariviere [20] identified the strengths and limitations of revenue-sharing contracts. Under consignment contracts with revenue-sharing, the overall supply-chain performance and individual firms' performance depends on several factors, such as demand price elasticity or individual firms' risk preferences [21, 22] . Pan et al. [23] compared a revenue-sharing contract and a wholesale price contract under manufacturer-dominated and retailer-dominated situations in a supply chain. In addition to revenue-sharing contracts, a group of papers examines cost-sharing contracts in a supply chain. Leng and Parlar [24] found that properly designed lost-sales cost-sharing and buy-back contracts coordinated a supply chain through game-theoretic models. Chao et al. [25] introduced two contractual agreements for sharing the product recall costs and discussed their impact on quality improvement.
There is also a stream of work on the impact of supply chain contracts on product development and innovation. Baskaran and Krishnan [18] modeled the process of collaborative product development between two firms under revenue-sharing, cost-sharing, and effort-sharing mechanisms. Wang and Shin [14] studied the effect of a wholesale price, quality-dependent wholesale price, and revenue-sharing contracts on upstream innovation. In addition to product development, Ma et al. [26] designed the optimal contracts between a manufacturer and a retailer to enhance corporate social responsibility activities, which is sustainable business strategy.
Besides supply chain contract types, another factor affecting the performance of new product development projects is the contract mechanism used to determine the portion of revenue or cost shared by the supplier and the manufacturer. In supply chain management, many studies have already demonstrated the positive effects of a cooperative supply chain [27, 28] . In terms of supply chain contracts, Zhao et al. [29] analyzed contracts between manufacturers and suppliers using a cooperative game theory approach, while Zhang et al. [30] analyzed the effects of cooperative investment and revenue-sharing contracts on supply chain coordination. Baskaran and Krishnan [18] studied cooperative contracts between two companies using a Nash bargaining game. Therefore, this study examines supply chain contracts considering both the unilateral relationship, in which the Sustainability 2019, 11, 6858 4 of 15 manufacturer leads the decision on the sharing ratio, and the cooperative relationship, in which the manufacturer and supplier determine together the ratio.
Finally, regarding modeling, while many models of supply chain contracts use stochastic market demand [31, 32] , others use different demand functions, such as the linear demand form widely used in marketing research [33, 34] . Further, Wang and Shin [14] utilized Hotelling's [35] product differentiation model. We extend the supply-chain literature by proposing a model with endogenous demand incorporating consumer heterogeneity, which has been little explored in this field.
Model Description
This paper considers a basic supply chain with an upstream supplier and a downstream manufacturer who carry out new product development. The supplier invests in the development of the new product's main component, whose quality significantly influences the performance of the new product, while the manufacturer purchases the main component from the supplier and produces the new product. The manufacturer considers a revenue-or a cost-sharing contract to encourage the supplier to invest more in the development of the new product's main component (hereafter, new product development).
The literature has shown that technology uncertainty has a considerable impact on new product development or technical innovation [36, 37] . Among the different technology uncertainties, this paper explores the situation in which the time required for the new product development is uncertain, which we refer to as development time uncertainty. The development time uncertainty is critical when developing a new product, depending on the supplier's capability, as well as the new product's quality. Following the literature, we assume that the development time is exponentially distributed, with a probability density function λ(q)e −λ(q)t [18] . The development rate λ(q) represents the time required for the new product development, and we assume that λ(q) = λq −1 , where λ is the supplier's innate development capability and q is the quality of the new product. The function indicates that a higher supplier capability reduces the time needed to develop a new product, while the higher quality of the new product requires longer development time. This paper thus examines how development time uncertainty affects decision making for a new product development.
New product development entails several costs. First, the supplier makes an upfront investment, such as building new facilities, which incurs a fixed cost of development. As fixed cost is a function of the new product's quality level, it takes the form kq 2 , where k is a development cost parameter. Moreover, the new product development incurs variable costs. The supplier has unit production cost c p q and the manufacturer has unit manufacturing cost c m q, both increasing with the new product's quality level.
Furthermore, new product development entails opportunity costs for both the supplier and manufacturer. As such, the value of the new product development in a supply chain can depend on the extent of competitors' new product development efforts. However, since the state of competitors' new product development is uncertain, a delay in new product development incurs an opportunity cost for the supply chain [38] . Commitment to developing one product or technology may also incur an opportunity cost in that other, better opportunities can be lost [5] . Higher quality for a new product implies longer development time, resulting in higher opportunity costs. Therefore, we model the costs as hqt, where h is an opportunity cost parameter.
The decision-making timeline, illustrated in Figure 1 , includes three stages. First, the manufacturer and supplier sign the contract. There are two different contracts: (i) a revenue-sharing contract, in which the manufacturer first proposes to share an α portion of its revenue with the supplier, and (ii) a cost-sharing contract, in which the manufacturer offers the supplier to share a β portion of the development cost. Second, the supplier then determines the quality level of the new product q and the wholesale price w. Finally, the manufacturer decides on the new product price p, and the revenues of the new product development project are realized. This paper finds the optimal solutions through an analytical model that has been widely applied in the economics literature since the seminal paper by Mussa and Rosen [39] . A new product is defined by a single dimension called quality . The quality means a core component that determines the overall quality of the product or a combination of components indicating "the more, the better" [40, 41] . Each consumer has a marginal valuation or willingness to pay for quality . Then, the utility function for a consumer from purchasing the new product becomes − , and the consumer purchases the new product unless his/her utility is negative. Since consumers have heterogeneous valuations about quality, we assume that consumers' willingness to pay for quality follows a uniform distribution on 0,1 . The uniform distribution is not only commonly used in other analytical models, but it is also particularly suitable when it is difficult to predict the distribution of consumer preferences for quality [42] [43] [44] [45] . From this assumption, we can derive the endogenous demand for the new product in this market setting as follows: = 1 − .
Contracts under a Unilateral Relationship

Revenue-Sharing Contract
Here, we examine a revenue-sharing contract, in which the manufacturer shares a fraction of its revenue with the supplier. Considering the manufacturing and opportunity costs for the development time, the manufacturer's profit is represented as:
The supplier's profit, including the production, development, and opportunity costs for development time, is expressed as:
To obtain the optimal supply-chain decisions, we use backward induction. In Stage 3, the manufacturer determines the new product price that maximizes profit function (1) as: * , , = 2 .
(3)
In Stage 2, the supplier anticipates that the manufacturer will set the new product price as in Equation (3) and determines the quality level of the new product and the wholesale price to maximize profit function (2) as follows: *
Finally, in Stage 1, considering Equation (4), the manufacturer determines the share of its revenue to maximize profit. The following proposition represents the optimal revenue share and profit under the revenue-sharing contract.
Proposition 1.
(a) When ≤ , the optimal revenue share is 1. When , the optimal revenue share is:
This paper finds the optimal solutions through an analytical model that has been widely applied in the economics literature since the seminal paper by Mussa and Rosen [39] . A new product is defined by a single dimension called quality q. The quality q means a core component that determines the overall quality of the product or a combination of components indicating "the more, the better" [40, 41] . Each consumer has a marginal valuation or willingness to pay for quality θ. Then, the utility function for a consumer from purchasing the new product becomes θq − p, and the consumer purchases the new product unless his/her utility is negative. Since consumers have heterogeneous valuations about quality, we assume that consumers' willingness to pay for quality θ follows a uniform distribution on [0, 1]. The uniform distribution is not only commonly used in other analytical models, but it is also particularly suitable when it is difficult to predict the distribution of consumer preferences for quality [42] [43] [44] [45] . From this assumption, we can derive the endogenous demand for the new product in this market setting as follows:
Contracts under a Unilateral Relationship
Revenue-Sharing Contract
Here, we examine a revenue-sharing contract, in which the manufacturer shares a fraction α of its revenue with the supplier. Considering the manufacturing and opportunity costs for the development time, the manufacturer's profit is represented as:
To obtain the optimal supply-chain decisions, we use backward induction. In Stage 3, the manufacturer determines the new product price that maximizes profit function (1) as:
In Stage 2, the supplier anticipates that the manufacturer will set the new product price as in Equation (3) and determines the quality level of the new product and the wholesale price to maximize profit function (2) as follows:
Proposition 1.
(a) When λ ≤ h k , the optimal revenue share is 1. When λ > h k , the optimal revenue share is:
(b) When λ > h k , α * is decreasing in the development cost and supplier's development capability and increasing in the opportunity cost. (c) When λ > h k , the optimal profits of the manufacturer and supplier are, respectively:
The proof of Proposition 1 is provided in Appendix A.
Proposition 1 indicates that the supplier's development capability has a significant impact on the contract feasibility. When the supplier's capability is low, it is optimal for the manufacturer not to share its revenue with the supplier, which implies that the manufacturer uses the wholesale price contract broadly used in many supply chains. When the revenue-sharing contract is feasible, that is, when the supplier's capability is high, as the development cost increases, the manufacturer should retain a smaller share of its revenue. This is because the high development cost causes the supplier to be reluctant to invest in new product development. Therefore, when new product development is costly, the manufacturer can encourage the supplier to invest in the new product by offering a higher share of its revenue to the supplier. Proposition 1 also shows how the development capability of the supplier affects the optimal revenue share. As the development capability of the supplier increases, it can obtain a larger share of the revenue from the manufacturer because the value of the new product development increases. Moreover, a high opportunity cost implies the competitors have a high capability for the new product development, which results in a high uncertainty about dominating the market, or that improving other abilities in the supply chain may bring significant benefits. Thus, for a higher opportunity cost, the manufacturer should retain a larger revenue share to protect its profit.
Cost-Sharing Contract
Under the cost-sharing contract, the manufacturer offers to share fraction β of the development cost with the supplier. The profits of the manufacturer and supplier are, respectively:
As in the previous section, we identify the optimal decision by backward induction. At first, the manufacturer determines the new optimal product price to maximize profit function (5) as follows:
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Next, anticipating that the manufacturer will set the product price as in Equation (7), the supplier determines the quality level and wholesale price of the new product to maximize profit function (6):
Finally, considering Equation (8), the manufacturer sets the sharing ratio of the development cost to maximize its profit. Proposition 2 shows the optimal cost share and profits of the manufacturer and supplier under a cost-sharing contract.
Proposition 2.
(a) The optimal cost share is 0. (b) The optimal profits of the manufacturer and supplier are, respectively:
The proof of Proposition 2 is provided in Appendix A.
Proposition 2 shows that it is optimal for the manufacturer not to share the development cost with the supplier, regardless of the supplier's capability. In other words, a cost-sharing contract is not performed between the manufacturer and supplier, which indicates that this becomes a wholesale price contract.
Comparison between the Revenue-and Cost-Sharing Contracts
Here, we compare the results of the revenue-and cost-sharing contracts and analyze which contract is more efficient under a certain condition when developing a new product. R and C in the superscript refer to the revenue-and cost-sharing contracts, respectively. As seen in Proposition 2, it is optimal not to perform the cost-sharing contract; we keep calling it cost-sharing contract for consistency, although the cost-sharing contract refers to the wholesale price contract in this section. Proposition 3. When λ ≥ h k , the quality level of the new product, manufacturer's profit, and supplier's profit are higher under the revenue-sharing contract than the cost-sharing contract. Moreover, as the supplier's development capability increases, the profitability of the revenue-sharing contract also increases.
The proof of Proposition 3 is provided in Appendix A.
Proposition 3 shows that, when the supplier's development capability is high, a revenue-sharing contract results in a higher new product quality level and higher profits for the manufacturer as well as the supplier, resulting in an overall higher profit for the supply chain. One might expect that the manufacturer would gain more profit from a no revenue-sharing approach. However, by sharing the revenue with the supplier, the supplier sets the wholesale price lower and improves the quality level, which in turn enables the manufacturer to set the new product's price higher. This mechanism involves that the manufacturer prefers the revenue-sharing contract. Furthermore, as the supplier's development capability increases, the profitability gap between the revenue-and cost-sharing contracts increases because the manufacturer can set the new product's price higher and the supplier can obtain a larger revenue share.
Contracts under a Cooperative Relationship
In Stage 1, when the manufacturer and supplier enter a contract, the manufacturer determines the level of α or β ratios to maximize its profit and offers it to the supplier. Here, we analyze the situation in which the manufacturer and supplier cooperatively determine the sharing portion of the revenue or cost building a strategic partnership. We assume that the two firms agree to adopt the bargaining model proposed by Nash [46, 47] .
Revenue-Sharing Contract
As in Section 4.1, using backward induction, after the manufacturer sets the new product's price as p to maximize its profit, the supplier determines the quality level of the new product q and the wholesale price w. Lastly, in Stage 1, the manufacturer and the supplier cooperatively determine how to split the revenue. The optimal revenue share is determined by:
The following proposition presents the optimal revenue share under the cooperative relationship and compares it with the results in Section 4.1. Coo in the subscript means a contract under the cooperative relationship, and Uni means the contract in Section 3, because it is a unilateral decision by the manufacturer.
Proposition 4.
(a) When λ ≤ h 3k , the optimal revenue share is 1. When λ > h 3k , the optimal revenue share is:
(b) When λ > h k , the optimal revenue share under the cooperative relationship is lower than that under the unilateral relationship. (c) When λ > h k , α * Coo is less sensitive to the changes in k, λ, and h than α * Uni .
The proof of Proposition 4 is provided in Appendix A.
Proposition 4 illustrates how the cooperative relationship affects a contract. First, the level of the supplier's development capability that makes the revenue-sharing contract workable is lower under the cooperative relationship than the unilateral relationship, which implies that a revenue-sharing contract can be made easier under the cooperative relationship. When the revenue-sharing contract is feasible, the supplier can obtain a larger revenue share under a cooperative relationship because the supplier is involved in determining the revenue share to maximize its profit. Moreover, under the cooperative relationship, the optimal revenue share is also increasing in the supplier's development capability and development cost, and is decreasing in the opportunity cost. Further, the changes are lower than under the unilateral relationship. In other words, a contract under the cooperative relationship is expected to be less affected by uncertainty in the supplier's capability or costs.
The following proposition compares the revenue-sharing contract results between cooperative and unilateral relationships when the contract is feasible i.e., when λ > max h k , h 3k = h k .
Proposition 5. For a revenue-sharing contract, compared with the unilateral relationship, the cooperative relationship leads to (i) a higher new product quality level, (ii) a lower manufacturer profit, (iii) a higher supplier profit, and (iv) a higher supply chain profit.
The proof of Proposition 5 is provided in Appendix A. Under a cooperative relationship, the quality level of the new product is higher than under a unilateral relationship because the quality level decreases as the revenue share increases ∂q * ∂α = − λ(c m +c p −1) 2 8(h+kλ)(1+α) 2 < 0 , and the revenue share under a cooperative relationship is lower (see Proposition 4) . In other words, as the supplier obtains a larger revenue share, it can be further motivated to develop a new product, leading to a higher quality of this new product. This finding implies that the cooperative relationship contributes to the performance improvement of the supplier. Furthermore, a smaller revenue share under the cooperative relationship reduces the manufacturer's profit and increases the supplier's profit. Consequently, the supply chain profit increases because the profit increase of the supplier is larger than the profit decrease of the manufacturer.
Cost-Sharing Contract
As in the previous section, we use backward induction. After going through Stage 3, in Stage 1, the manufacturer and the supplier cooperatively set the portion of the development cost they will share. The optimal cost share is determined by the following function:
Proposition 6.
(a) When λ ≤ 2h k , the optimal cost share is 0. When λ > 2h k , the optimal cost share is:
(b) When λ > 2h k , β * Coo is increasing in the development cost and supplier's development capability and decreasing in the opportunity cost.
The proof of Proposition 6 is provided in Appendix A.
Unlike the unilateral relationship, under the cooperative relationship, a cost-sharing contract can be feasible. When the supplier's development capability is sufficiently high, the supplier can enter the cost-sharing contract and determine the sharing cost fraction cooperatively with the manufacturer. As the development cost increases, the optimal cost share also increases. The high development cost makes the supplier reluctant to invest in new product development. Therefore, the manufacturer can encourage the supplier to embark on new product development by sharing a larger portion of the development cost. Additionally, the supplier can obtain a larger cost share as its development capability is higher, allowing the supplier to have more influence on decision-making in Stage 1. This result shows that, as the development cost and the supplier's capability grow, the supplier benefits more from the cost-sharing contract, which is consistent with the results on the revenue-sharing contract. Finally, as the opportunity cost increases, the manufacturer wants to reduce the cost share because of the increased burden of sharing the development cost. Proposition 7 shows a comparison of the cost-sharing contract results under cooperative and unilateral relationships when the contract is feasible i.e., when λ > 2h k .
Proposition 7. For a cost-sharing contract, compared with the unilateral relationship, the cooperative relationship leads to (i) a higher new product quality level, (ii) a lower manufacturer profit, (iii) a higher supplier profit, and (iv) a higher supply chain profit.
Under the cooperative relationship, the quality level of the new product is higher than under the unilateral relationship, the manufacturer's profit decreases, and the supplier's profit increases.
The total profit of the supply chain also increases because the profit increase of the supplier is greater than the profit decrease of the manufacturer, which is the same as under the revenue-sharing contract.
Comparison of the Two Contracts under a Cooperative Relationship
Here, we compare the results of the revenue-and cost-sharing contracts under the cooperative relationship. According to the findings in the previous sections, the revenue-and cost-sharing contracts are not feasible when λ ≤ h 3k and λ ≤ 2h k , respectively. In other words, when λ is within range 0, h 3k , both contracts are equivalent to the wholesale price contract; when λ is within the range h 3k , 2h k , the cost-sharing contract is equivalent to the wholesale price contract; and when λ > 2h k , both contracts are feasible. For consistency, we maintain the names of the revenue-and cost-sharing contracts, regardless of the feasible ranges.
Proposition 8.
The new product quality level and the supplier's profit are higher under the revenue-sharing contract compared with the cost-sharing contract. Moreover, as the supplier's development capability increases, the differences between the two contracts increase as well.
Proposition 8 shows that the revenue-sharing contract dominates the cost-sharing one in terms of the new product quality level and the supplier's profit, which is consistent with the results for the unilateral relationship. Figure 2 illustrates Proposition 8 using a numerical example with c m = 0.1, c p = 0.1, h = 0.1, and k = 0.2. The dotted lines indicate the ranges in which each contract is not feasible. When λ is within range [0, 0.1667], the two contracts are identical to the wholesale price contract. When λ is within range [0.1667, 1], the revenue-sharing contract can be performed but the cost-sharing contract is still not feasible. If λ is greater than 1, both contracts are workable. Figure 2 shows that the revenue-sharing contract leads to a higher quality level for the new product and a higher profit for the supplier, except when the supplier's capability is sufficiently low. Given a unilateral relationship, the manufacturer's profit is also higher in the revenue-sharing contract than the cost-sharing one. However, given the cooperative relationship, the cost-sharing contract is not always dominated by the revenue-sharing contract in terms of the manufacturer's profit. Although there exists a threshold on the supplier's development capability such that the costsharing contract is more profitable for the manufacturer, the threshold is not closed-form. Therefore, we analyze the manufacturer's profit using the following numerical examples: (a) when the development cost is low, = 0.2; (b) when the development cost is high, = 0.4, and the remaining parameters are identical in both cases, with = 0.1, = 0.1, and ℎ = 0.1. Given a unilateral relationship, the manufacturer's profit is also higher in the revenue-sharing contract than the cost-sharing one. However, given the cooperative relationship, the cost-sharing contract is not always dominated by the revenue-sharing contract in terms of the manufacturer's profit. Although there exists a threshold on the supplier's development capability such that the cost-sharing contract is more profitable for the manufacturer, the threshold is not closed-form. Therefore, we analyze the manufacturer's profit using the following numerical examples: (a) when the development cost is low, k = 0.2; (b) when the development cost is high, k = 0.4, and the remaining parameters are identical in both cases, with c m = 0.1, c p = 0.1, and h = 0.1. Figure 3 shows when and which contract yields a higher profit for the manufacturer; the dotted lines indicate the ranges in which the contract is not feasible. When the development capability is very low (λ ∈ [0, 0.1667] in (a) and λ ∈ [0, 0.0833] in (b)), both contracts are not feasible and generate the same profits. When the development cost is intermediate (λ ∈ [0.1667, 1.890] in (a) and λ ∈ [0.0833, 0.950] in (b)), the manufacturer's profit is lower in the revenue-sharing contract. Under a unilateral relationship, the revenue-sharing contract always generates a higher manufacturer profit, while with the cooperative relationship, the revenue-sharing contract can be less profitable. This is because the revenue share that the manufacturer obtains in the cooperative relationship is lower than in the unilateral relationship. Moreover, as the development cost increases, the range under which the cost-sharing contract has more benefits than the revenue-sharing contract narrows (from [0.1667, 1.890] to ∈ [0.0833, 0.950]).
Given a unilateral relationship, the manufacturer's profit is also higher in the revenue-sharing contract than the cost-sharing one. However, given the cooperative relationship, the cost-sharing contract is not always dominated by the revenue-sharing contract in terms of the manufacturer's profit. Although there exists a threshold on the supplier's development capability such that the costsharing contract is more profitable for the manufacturer, the threshold is not closed-form. Therefore, we analyze the manufacturer's profit using the following numerical examples: (a) when the development cost is low, = 0.2; (b) when the development cost is high, = 0.4, and the remaining parameters are identical in both cases, with = 0.1, = 0.1, and ℎ = 0.1. Figure 3 shows when and which contract yields a higher profit for the manufacturer; the dotted lines indicate the ranges in which the contract is not feasible. When the development capability is very low ( ∈ [0, 0.1667] in (a) and ∈ [0, 0.0833] in (b)), both contracts are not feasible and generate the same profits. When the development cost is intermediate ( ∈ [0.1667, 1.890] in (a) and ∈ [0.0833, 0.950] in (b)), the manufacturer's profit is lower in the revenue-sharing contract. Under a unilateral relationship, the revenue-sharing contract always generates a higher manufacturer profit, while with the cooperative relationship, the revenue-sharing contract can be less profitable. This is because the revenue share that the manufacturer obtains in the cooperative relationship is lower than in the unilateral relationship. Moreover, as the development cost increases, the range under which the cost-sharing contract has more benefits than the revenue-sharing contract narrows (from [0.1667, 1.890] to ∈ [0.0833, 0.950]). Finally, the total profit of the supply chain is higher in the revenue-sharing contract than the cost-sharing one. The manufacturer's profit is lower in the revenue-sharing contract when the development capability is intermediate, whereas the supplier's profit is always higher in the revenue-sharing contract. However, the difference in the manufacturer's profit between the two contracts is relatively small, while the difference in the supplier's profit is relatively significant, which makes the revenue-sharing contract preferable in terms of the supply chain's profit.
Discussion
This paper analyzed two broadly used contract types, the revenue-and cost-sharing contracts, in a supply chain consisting of a manufacturer and a supplier, considering development time uncertainty based on the supplier's development capability. In a situation in which the manufacturer considers two contracts to encourage the supplier to invest in a new product development, we analyze the impact of the supplier's development capability on supply chain decisions. Moreover, we compare the outcomes of the two contracts when the relationship between the manufacturer and supplier is either unilateral or cooperative.
The findings provide several managerial implications for manufacturers who plan to develop new products based on upstream innovation. First, the optimal contract depends on the supplier's development capability, which is directly associated with the development time. In contrast to the existing literature, which focuses mainly on whether a contract coordinates the supply chain, our results suggest that before entering a contract and reviewing the coordination, the manufacturer should first thoroughly examine the supplier's capability. We show that the revenue-or cost-sharing contracts are not always feasible; they can be feasible only if the supplier has enough development capability. Moreover, if the capability is high, the revenue-sharing contract helps attain a higher new product quality level and profit for the supply chain.
Second, we show that the contract mechanism to determine the ratio of the revenue or cost that the manufacturer shares with the supplier, based on the relationship between the two firms, affects the supply chain decisions and the performance of the new product development project. Thus, this study extends the findings of Baskaran and Krishnan [18] , which considers only the cooperative relationship, and the findings of Wang and Shin [14] , which considers only the unilateral relationship. When the manufacturer and the supplier collaboratively decide on the fraction of revenue or cost, the manufacturer's profit is reduced, but the quality of the new product and the supply chain's profit improve compared with the unilateral relationship. This finding demonstrates the positive effects of a cooperative relationship in a supply chain and suggests that it is worthwhile for manufacturers to consider a contract with suppliers that targets mutual growth for a successful new product development.
While we focus on a completely new product, technically or physically, some new products enter the market through the improvement and modification of existing products. In practice, electronic products, such as smartphones or laptops, are released as new products that have design modifications or quality improvements from previous versions. Therefore, a model that adopts a consumer utility function, including the surplus obtained from the use of existing products, will provide more comprehensive results; this will be tackled in future research. Furthermore, this paper restricted the analysis to two supply chain contracts in a supply chain consisting of two players. In reality, various contract types are used, such as a quality-dependent or a sharing contract considering revenue and cost simultaneously, and the supply chain can have multiple suppliers or manufacturers. Therefore, a model taking into account these issues would expand the practical implications of our research. Because β * = − h kλ < 0, the optimal cost sharing portion is 0.
Proof of Proposition 3.
For λ such that λ ≥ h k , the supply chain profit difference between the revenue-and cost-sharing contracts, (π M + π S ) Revenue −(π M + π S ) Cost ≡ π d , is increasing in λ. 
